Many species have evolved or currently coexist in sympatry due to differential adaptation in a 27 heterogeneous environment. However, anthropogenic habitat modifications can either disrupt 28 reproductive barriers or obscure environmental conditions which underlie fitness gradients. In 29 this study, we evaluated the potential for an anthropogenically-mediated shift in reproductive 30 boundaries that separate two historically sympatric fish species (Gila cypha and G. robusta) 31 endemic to the Colorado River Basin using ddRAD sequencing of 368 individuals. We first 32 examined the integrity of reproductive isolation while in sympatry and allopatry, then 33 characterized hybrid ancestries using genealogical assignment tests. We tested for localized 34 erosion of reproductive isolation by comparing site-wise genomic clines against global patterns 35 and identified a breakdown in the drainage-wide pattern of selection against interspecific 36
Abstract(241/250) 26
Many species have evolved or currently coexist in sympatry due to differential adaptation in a 27 heterogeneous environment. However, anthropogenic habitat modifications can either disrupt 28 reproductive barriers or obscure environmental conditions which underlie fitness gradients. In 29 this study, we evaluated the potential for an anthropogenically-mediated shift in reproductive 30 boundaries that separate two historically sympatric fish species (Gila cypha and G. robusta) 31 endemic to the Colorado River Basin using ddRAD sequencing of 368 individuals. We first 32 examined the integrity of reproductive isolation while in sympatry and allopatry, then 33 characterized hybrid ancestries using genealogical assignment tests. We tested for localized 34 erosion of reproductive isolation by comparing site-wise genomic clines against global patterns 35 and identified a breakdown in the drainage-wide pattern of selection against interspecific 36
heterozygotes. This, in turn, allowed for the formation of a hybrid swarm in one tributary, and 37 asymmetric introgression where species co-occur. We also detected a weak but significant 38 relationship between genetic purity and degree of consumptive water removal, suggesting a role 39 for anthropogenic habitat modifications in undermining species boundaries. In addition, results 40 from basin-wide genomic clines suggested that hybrids and parental forms are adaptively non-41 equivalent. If so, then a failure to manage for hybridization will exacerbate the long-term 42 extinction risk in parental populations. These results reinforce the role of anthropogenic habitat 43 modification in promoting interspecific introgression in sympatric species by relaxing divergent 44 selection. This, in turn, underscores a broader role for hybridization in decreasing global 45 biodiversity within rapidly deteriorating environments. Raw Illumina reads were demultiplexed and filtered using the PYRAD pipeline (Eaton, 169 2014) . Discarded reads exhibited >1 mismatch in the barcode sequence or >5 nucleotides with 170
Phred quality <20. Loci were then clustered de novo within and among samples using a distance 171 threshold of 80%. We then removed loci with: >5 ambiguous nucleotides; >10 heterozygous 172 sites in the consensus sequence; >2 haplotypes per individual; <20X and >500X coverage per 173 individual; >70% heterozygosity per-site among individuals; or <50% individual coverage. 174
Individuals with >50% missing data were also discarded. Scripts for post-assembly filtering and 175 file conversion are available as open-source (github.com/tkchafin/scripts). 176
177

Estimating population and individual ancestry 178
Hypotheses of admixture and hybridization were based on genetic differentiation, as 179 visualized using Discriminate Analysis of Principal Components (DAPC; R-package adegenet; 180 Jombart, 2008) . Discriminant functions combine principal components (PCs) so as to maximally 181 separate hypothesized groups. Importantly, sufficient PC axes must be retained so as to 182 summarize the high-dimensional input, yet also avoid over-fitting. We accomplished this usingthe following cross-validation procedure: Stratified random sampling defined 80% of samples 184 per population as a "training set," with the remaining 20% then classified. PC excessive runtimes in STRUCTURE, we first applied ADMIXTURE to evaluate a broader range of 192 models (i.e., K=1-20, using 20 replicates), followed by STRUCTURE on a reduced range (K=1-10, 193 using 10 replicates with 500,000 MCMC iterations following a burn-in period of 200,000). 194
Model selection followed a cross-validation procedure in ADMIXTURE where assignment 195 error was minimized by optimal choice of K, with results parsed using available pipelines 196 (github.com/mussmann82/admixturePipeline). We used the delta K method (Evanno et al. 2005) 197 to define the proper model in STRUCTURE (CLUMPAK; Kopelman et al. 2015) . 198 We identified putative admixed individuals using Bayesian genealogical assignment 199 (NEWHYBRIDS, Anderson and Thompson 2002) that assessed the posterior probability of 200 assignment to genealogical classes (e.g. F1, F2), as defined by expected genotype frequency 201 distributions. This component is vital, in that mixed probability of assignment in STRUCTURE and 202 ADMIXTURE can stem from weakly differentiated gene pools. The MCMC procedure in 203 NEWHYBRIDS was run for 4,000,000 iterations following 1,000,000 burn-in, using a panel of 200 204 loci containing the highest among-population differentiation (FST) and lowest linkage 205 disequilibrium (r 2 < 0.2), as calculated in GENEPOPEDIT . To ensure 206 accuracy of this method as applied to our data, we performed a power analysis using the 207 HYBRIDDETECTIVE workflow ). We first generated simulated multi-208 generational hybrids using 50% as a training dataset, and then analyzed classification success 209 across replicated simulations using the remaining 50% of samples as a validation set. To 210 examine convergence, simulations were run across three replicates, each with three independent 211 MCMC chains. 212
213
Spatial and genomic heterogeneity in introgression 214
We tested for signatures of reproductive isolation by examining clinal patterns in locus-215 specific ancestry across hybrid genomes, using multinomial regression to predict genotypes as a 216 function of genome-wide ancestry. Analyses were performed in the R-package introgress 217 (Gompert and Buerkle 2010) . Putatively 'pure' populations of G. robusta and G. cypha were 218 diagnosed from results generated by NEWHYBRIDS. We first filtered loci to include those with 219 allele frequencies that differed in the reference populations (as defined by d >0.8, where d is the 220 allele frequency differential at a given locus; Gregorius and Roberds 1986). We generated a null 221 distribution by randomly re-assigning genotypes across 1,000 permutations, so as to test for 222 deviations from neutral expectations. The significance of locus-specific clines (fit via 223 multinomial regression) was then determined by computing a log-likelihood ratio of inferred 224 clinal models versus the null model (at P<0.001). 225
To test for localized breakdown in reproductive barriers, we examined congruence of 226 locus-specific introgression among sampling localities. We did so by deriving site-wise genomic 227 clines within species, then subsequently contrasting the fit of site-wise regression models to the 228 global pattern for each locus. This was accomplished by estimating probabilities of the observed analyses. Allopatric G. robusta from the San Juan River also showed mixed probability of 294 assignment to G. cypha, albeit with low probability and consistency. 295
296
Hybrid detection and genealogical assignment
Genealogical assignment in NEWHYBRIDS was used to parse STRUCTURE and ADMIXTURE 298 results for contemporary hybridization. We first defined a prior probability of genetic purity for 299 G. robusta as being the upper-most Little Snake River tributaries, and for G. cypha as the Little 300
Colorado River confluence in Grand Canyon. Both were chosen based on STRUCTURE and 301 ADMIXTURE results (Fig. 3) , and additionally informed by prior studies of natural recruitment 302 (Douglas and Douglas 2010; Kaeding and Zimmerman 1983). As hypothesized, introgressive 303 hybridization at sympatric locations was found to be asymmetric (Fig. 4) . Individuals were 304 'assigned' to genealogical class when posterior probabilities exceeded a critical threshold of 0.90 305 (based upon a <0.025% classification error in power analyses Fig. S4 ). In cases of mixed 306 assignment, individuals were classified as either "late-generation hybrid," or "of uncertain status" 307 (Table 2) . Gila robusta were largely classified as pure in both sympatric and allopatric sites, with 308 a few exceptions (outlined below). The minority of samples assigned to hybrid classes tended to 309 be robusta-backcrossed. In contrast, G. cypha at sympatric localities had comparatively low 310 purity (0-61%), with most hybrids categorized as either F2, cypha-backcrossed, or unclassifiable 311 (Table 2 ). The genetic effects of hybridization are thus inferred as asymmetric, with a greater 312 penetration of introgressed alleles into G. cypha populations. For both species, Desolation 313 Canyon samples were mostly classified as either late-generation or unassignable. F1 hybrids were 314 notably absent at all localities, suggesting hybridization occurred over multiple generations and 315 ongoing introgression (i.e., hybrids fertile and reproductively successful). 316
Both species showed little signal of contemporary hybridization (i.e., F1 hybrids) at 317 allopatric locations, but with notable exceptions being the San Rafael River and, to a lesser 318 extent, the Mancos River. Nearly all San Rafael G. robusta were assigned with high probability 319 as either F2 or G. robusta-backcrossed hybrids, a pattern consistent across years (2009 versusrobusta-backcrosses (45%). However, the greatest proportion of 2017 samples were robusta-322 backcrosses (67%) or late-generation hybrids (25%), suggesting an increase of admixture over 323 time (although increased sampling is needed to verify this trend; two-tailed Fisher's exact test 324 p=0.0967; Table 2 ). The Mancos River samples, composed of 20% hybrids (Table 2), were  325 derived from hatchery stock, not a natural population. Thus, we cannot say if our results 326 represent natural or accidental hybridization that coincided with, or was subsequent to, stock 327 establishment. 328
329
Genomic clines 330
We also examined how introgression varied across significantly differentiated genomic 331
SNPs and species-diagnostic markers. Here, we considered locus-specific ancestry as the 332 probability of sampling a homozygous G. cypha genotype [i.e. P(AA)] as a function of genome-333 wide ancestry, with the expectation that scant bias should occur if fitness is independent of 334 hybrid ancestry. All loci exhibited clinal patterns that deviated significantly from neutral 335 expectations (p>0.001, estimated via permutation; Fig. 5A ). The majority displayed coincident 336 sigmoidal relationships between genome-wide ancestry (hybrid index; h) and locus-specific 337 ancestry (f), although with some divergence. The sigmoidal pattern suggested a deficiency in 338 interspecific heterozygosity, presumably reflecting heterozygote disadvantage (Fitzpatrick, 339 2013) . Notably, some locus-specific clines showed alternative forms (Fig. 5A ), indicating that 340 gene flow may be driven by other processes in a minority of genomic regions. 341
We also examined the observed genotypes at each locus, given expectations from the 342 range-wide model and site-specific regression models. These were reported as a log-likelihood 343 ratio per locus and within each sampling locality (Fig. 5B) . We found the 'fit' of the range-wide 344 clinal models was rather variable, although with most loci showing little deviation. One notable 345 exception was San Rafael G. robusta, where an exceptionally flattened distribution of the locus-346 specific log-likelihood ratios was apparent. This in turn suggested that the global expectation was 347 a poor predictor of within-site genotypes. Thus, while most sites reflected patterns consistent 348 with selection against hybrids, the same cannot be said for the San Rafael River population. It 349 also displayed a strong signal of interspecific admixture in the Bayesian and ML assignment tests 350 (Fig. 3) , and variable assignment to >2 nd generation hybrid classes in NEWHYBRIDS (Fig. 4) , as 351 well as greater intermediacy in multivariate genotypic clustering ( 
Species boundaries and reproductive isolation in Gila 380
Our survey of the nuclear genome suggested that hybridization between our study species 381 is contemporary in nature, as interpreted from several lines of evidence: The coincidence and 382 shape of our genomic clines; the pervasive signal of genealogical assignment to early-generation 383 hybrid classes; and signatures of selection antagonistic to interspecific heterozygous genotypes. 384
We interpret these results as remarkable, particularly given the coexistence of study 385 species since at least the mid-Pliocene (Uyeno and Miller, 1965; Spencer et al. 2008) . In 386 addition, continuing hybridization also stands in stark contrast to the sustained morphological 387 divergence displayed in sympatry (Douglas et al. 1989; McElroy and Douglas 1995) . This 388 suggests that genetic exchange is ongoing despite, rather than in the absence of, reproductive 389 isolation. 390 Dowling and DeMarais (1993) suggested that hybridization between G. cypha and G. 391 robusta may have contributed to the evolutionary persistence of each species as a distinct entity 392 in the face of historic environmental fluctuations. We concur, and further note that this exchange 393 is ongoing, with a substantial risk that contemporary habitat change will outpace the rate at 394 which introgressed alleles are adaptively "filtered. (Fig. 4) . Under this 473 scenario, selective advantage would similarly drive outlier loci and the reduced-fit seen in our 474
clinal models (Fig. 5) . The origin of G. cypha alleles in this population is unclear, although they 475 may possible be derived from a remnant population in the upper reaches (e.g., Black Box Gorge; 476 Badame, pers. comm). relative to other extant populations (Badame 2008) . Taken together, these suggest an elevated 500 risk for genetic or demographic swamping in Cataract Canyon G. cypha (Todesco et al. 2016) , 501
and lend urgency to their inclusion in future genetic surveys.
Such a scenario may also be invoked for G. cypha in the Yampa River, recognized even 503 prior to our sampling as being of reduced and declining numbers (Tyus 1998 
Genetic swamping and Allee effects 514
The capacity for populations to track changing conditions is constrained not only by 515 standing genetic variation but also complex demographic processes that feed back to 516 reproductive fitness (Kokko et al. 2018). As the effective population size (Ne) of a population 517 decreases, so also do beneficial variants, primarily due to reduced efficacy of selection relative to 518 genetic drift and associated inbreeding depression (i.e., Allee effects; Kramer et al. 2009 ). This 519 in turn can induce a negative feedback that drives local extirpation (Polechová and Barton 2015) . 520
Using a similar logic, we posit that maladaptive introgression within diminishing populations 521 could also synergistically trigger a "runaway" process of genetic swamping (Fig. S7) . integrity may be preserved in the short term by cultivating "pure" progeny via hatchery 539 production, so as to potentially extend existing pure populations, although a propogation 540 program risks further reducing Ne (Allendorf et al. 2001) . The development of pure stock for G. 541 robusta should be relatively easy, whereas upper basin G. cypha are more problematic in that 542 they display various levels of hybridization (i.e., Figs. 3-4) . In this regard, we echo the 543 "producer's gambit" philosophy (McElroy et al. 1997 ) where hybrid populations fall under an 544 expanded conservation paradigm when genetic purity cannot otherwise be maintained (Lind-545
Riehl et al. 2016). Given apparent ecological non-equivalency of hybrids, we suggest that habitat 546 restoration is the only long-term means to resurrect genetic purity in these populations (Wayne 547 and Shaffer 2016). 548 549
Conclusions(246) 550
A reduced-representation assay of nuclear genomes in G. robusta and G. cypha provided 551 evidence of asymmetrical hybridization that is range-wide and spatially heterogeneous (Fig. 3,  552 4). We interpreted this as reflecting secondary contact, rather than a persistent echo reverberating 553 throughout their respective histories, particularly given the pervasive selection we found with 554 regard to genomic clines operating against interspecific heterozygotes (Fig. 5) . Although we 555 lacked appropriate sampling to adequately test for temporal changes in hybridization rates, we 556 did observe the expansion of a hybrid swarm in the San Rafael River over an eight-year period, 557 as well as high levels of asymmetric hybridization in all sympatric populations of G. cypha 558 (Table 2 ). This underscores the potential for genetic/demographic swamping by G. robusta, as 559 well as exacerbating the extirpation risk for extant populations of G. cypha. We argue that 560 conservation plans for G. cypha must consider this possibility. We also suspect the species-561 boundary for G. cypha is largely maintained by extrinsic factors (i.e., lower fitness of hybrid 562 phenotypes and differential microhabitat preferences). As such, further habitat degradation and 563 homogenization may lead to complete genetic erosion, either by contravening habitat selection 564 for pure individuals, or by promoting modified anthropogenic riverscapes that serve as habitat 565 for novel hybrid lineages/swarms. The scenario playing out in Gila emphasizes a philosophical 566 dilemma that conservation policy must confront: Is hybridization antagonistic to the conservation 567 of biodiversity or is it instead an adaptive tactic which species employed routinely by species in 568 their evolutionary struggle to persist. 
